In order to obtain the stepwise formation constants of tri-chloro complexes of Pb 2+ and Sn 2+ , experiments on the effect of NaCl concentration on the ion exchange equilibria in the systems PbS -ZnS -PbCl 2 -ZnCl 2 -H 2 O and CaWO 4 -SnWO 4 -CaCl 2 -SnCl 2 -H 2 O were carried out. The experiments were conducted at 500°, 600°, 700° and 800°C (800°C is only for Sn 2+ ), 1 kbar and also at 600°C, 0.5 kbar using 2 m aqueous chloride solutions. In all the experiments, the Σm(Pb)/(Σm(Pb)+Σm(Zn)) ratio of the aqueous chloride solutions in equilibrium with both PbS and ZnS and the Σm(Ca)/(Σm(Ca)+Σm(Sn)) ratio of the aqueous chloride solutions in equilibrium with both CaWO 4 and SnWO 4 decrease with the increase of NaCl concentration.
In order to obtain the stepwise formation constants of tri-chloro complexes of Pb 2+ and Sn 2+ , experiments on the effect of NaCl concentration on the ion exchange equilibria in the systems PbS -ZnS -PbCl 2 -ZnCl 2 -H 2 O and CaWO 4 -SnWO 4 -CaCl 2 -SnCl 2 -H 2 O were carried out. The experiments were conducted at 500°, 600°, 700° and 800°C (800°C is only for Sn 2+ ), 1 kbar and also at 600°C, 0.5 kbar using 2 m aqueous chloride solutions. In all the experiments, the Σm(Pb)/(Σm(Pb)+Σm(Zn)) ratio of the aqueous chloride solutions in equilibrium with both PbS and ZnS and the Σm(Ca)/(Σm(Ca)+Σm(Sn)) ratio of the aqueous chloride solutions in equilibrium with both CaWO 4 and SnWO 4 decrease with the increase of NaCl concentration.
The experimental results were analyzed thermodynamically using the previously published dissociation constants for NaCl aq , CaCl 2aq and ZnCl 3 -aq . As a result, the stepwise formation constants (log K) for aq ) were obtained to be 0.5 at 500°C and 1 kbar, 1.4 at 600°C and 1 kbar, 2.0 at 700°C and 1 kbar, 2.6 at 800°C and 1 kbar, and 1.9 at 600°C and 0.5 kbar.
The stepwise formation constants (log K) of tri- In order to obtain information on the speciation in supercritical hydrothermal solutions, Uchida et al. (1995 Uchida et al. ( , 1996 Uchida et al. ( , 1998a Uchida et al. ( , 1998b 
INTRODUCTION
Hydrothermal solutions play an important role in the formation of hydrothermal deposits. In general, the hydrothermal solutions are rich in chlorine. Therefore most metals are considered to be transported in the form of chloride complexes. However, our knowledge about the speciation in the hydrothermal solutions is still limited due to the difficulty in the experiments. Few experimental studies have been carried out to estimate speciation under supercritical hydrothermal conditions (e.g., Fahlquist and Popp, 1989; Cygan et al., 1994) .
shown that the stepwise formation constants of trichloro complexes of the above metals increase with increasing temperature and decreasing pressure. At constant temperature and pressure, the stepwise formation constant of tri-chloro complexes of different metals seems to increase with the ionic radius up to Mn 2+ but then decrease (Uchida et al., 1998b) . In order to confirm this trend, this study conducted the similar experiments for Pb 2+ and Sn 2+ which have larger ionic radii than that of Mn 2+ to obtain their stepwise formation constants of tri-chloro complexes.
EXPERIMENTAL PROCEDURES
The ion exchange equilibria in the systems PbS -ZnS -PbCl 2 -ZnCl 2 -H 2 O and CaWO 4 -SnWO 4 -CaCl 2 -SnCl 2 -H 2 O were adopted in the experiments. In the former system, PbS was reacted with ZnCl 2 -NaCl aqueous chloride solution, and in the latter SnWO 4 with CaCl 2 -NaCl aqueous chloride solutions. Experiments in the reverse direction were not conducted because of the low solubility of PbCl 2 and SnCl 2 at room temperature. In the experiments in the system PbS -ZnS -PbCl 2 -ZnCl 2 -NaCl -H 2 O, five to thirty mg of PbS (Rare Metallic Co., Ltd.) was sealed into gold capsule (2.7 mm I.D., 3.0 mm O.D. and 35 mm long) with 30 to 40 µl of ZnCl 2 -NaCl starting solution. Chlorine concentration of the starting solution was fixed to be 2 m in order to avoid the effect of the variable chlorine concentration on the experiments. In contrast, concentration of NaCl in the mixed solution was varies as 0, 0.4, 0.8, 1.2 and 1.6 m in order to evaluate the effect of NaCl concentration on the ion exchange equilibrium in the system. In the experiments in the system CaWO 4 -SnWO 4 -CaCl 2 -SnCl 2 -NaCl -H 2 O, five to fifteen mg of the mixture of SnO and WO 3 with molar ratio of 1:1 was reacted in the gold capsule with 40 µl of 2 m CaCl 2 -NaCl aqueous chloride solution containing 0, 0.4, 0.8, 1.2 or 1.6 m NaCl. A small amount of anthracene (less than 1 mg) was also sealed into the gold capsule in order to avoid the oxidation of Sn 2+ to Sn 4+ . In order to minimize the temperature gradient, the charged gold capsule was inserted into a standard type cold-seal pressure vessel with a stainless steel rod and also the pressure vessel was settled horizontally in an electric furnace. The experimental conditions were 500°, 600°, 700° and 800°C (800°C is only for Sn 2+ ) and 1 kbar, and 600°C and 0.5 kbar. The run duration was 3 days for the experiments at 800°C, 5 days at 700°C, 7 days at 600°C and 7 or 10 days at 500°C.
After the reaction, the pressure vessel was rapidly cooled by plunging it into cold water to avoid any back reaction. The present experiments use ion exchange reactions in order to obtain the information of the aqueous speciation. This method has a superiority compared with the previous experimental method using the solubility of minerals because this method can avoid the effect of precipitation and dissolution of minerals during quench. The run product was washed away into a beaker with distilled water and then the solid phase was separated from the liquid phase by filtration with a membrane filter. The solid product was identified by the X-ray powder diffractometer (RIGAKU RAD-IR) and the chemical composition was determined by the energy dispersive Xray microanalyzer (JEOL JSM-5400 equipped with Link QX-200JI). For the liquid phase, ICP (SEIKO SPS4000) was used for the quantitative analyses of Na, Ca, Sn, Pb and Zn.
EXPERIMENTAL RESULTS

PbS -ZnS -PbCl 2 -ZnCl 2 -NaCl -H 2 O system
In all the run products, both PbS (galena: cubic system) and ZnS (sphalerite: cubic system) coexist. No solid solution between PbS and ZnS was observed. The size of PbS and ZnS was 50 to 200 µm in diameter. The shape of PbS is cubic, but ZnS is tabular shaped. The ratio of Σm(Pb)/ (Σm(Pb)+Σm(Zn)) (m(i): molality of species i; Σm(i): total molality of i-bearing species) in the aqueous phase increases with increasing temperature and decreasing pressure (Table 1, Fig. 1 ). The ratio decreases with the increase of NaCl concentration.
CaWO 4 -SnWO 4 -CaCl 2 -SnCl 2 -NaCl -H 2 O system
In all the experiments, two solid phases CaWO 4 (scheelite: tetragonal system) and SnWO 4 (α-SnWO 4 : orthorhombic system) were observed. The CaWO 4 is round shaped and 10 to 50 µm in size. The SnWO 4 is tabular shaped and 40 to 400 µm in size. The two solid phases are found to be immiscible to each other. The ratio of Σm(Ca)/ (Σm(Ca)+Σm(Sn)) in the aqueous chloride solution in equilibrium with both CaWO 4 and SnWO 4 increases with increasing temperature but decreases with the increase of NaCl concentration (Table 2, Fig. 2 ).
DISCUSSION
Comparison with previous study Hemley et al. (1992) have conducted the experiments on Fe, Pb, Zn and Cu sulfide (pyrite, pyrrhotite, magnetite, sphalerite, galena and chalcopyrite) solubilities in 1 m aqueous chloride solution using cold-seal and extraction vessel techniques in the temperature range from 300° to 700°C and the pressure range from 0.5 to 2.0 kbar. In their study, pH of the system was controlled by quartz monzonite or by potassium feldspar -muscovite -quartz assemblage, and f O2 and f S2 of the system were also controlled by pyrite -pyrrhotite Hemley et al. (1992) . The results obtained with KCl + NaCl solutions by Hemley et al. (1992) (Uchida et al., 1995) . This suggests that the dissociation constants of NaCl and KCl are similar under the experimental conditions. Therefore the results obtained with KCl + NaCl solutions by Hemley et al. (1992) can be compared with the present results obtained with equivalent NaCl concentration. As shown in Fig. 1 , the experimental results of this study are in good agreement with those of Hemley et al. (1992) .
Formation of SnCl 3 -aq and PbCl 3 -aq
In hydrothermal solutions dissolving a divalent metal chloride, neutral species become dominant with increasing temperature (e.g., Quist and Marshall, 1968; Frantz et al., 1981; Frantz and Marshall, 1982) . On the other hand, under supercritical hydrothermal conditions, NaCl and KCl have relatively high dissociation constants compared with divalent metal chlorides. Therefore in NaCl and KCl solutions containing divalent metal chlorides, NaCl and KCl supply Cl -to form tri-chloro complexes with neutral species of transition metals, but not with neutral species of alkaline earth metals (Fahlquist and Popp, 1989; Cygan et al., 1994; Uchida et al., 1996) .
The ion exchange reaction in the system CaWO 4 -SnWO 4 -CaCl 2 -SnCl 2 -H 2 O can be written using neutral species as follows:
CaWO 4 + SnCl 2aq = SnWO 4 + CaCl 2aq .
(1) Wilson and Eugster (1990) carried out the experiment on the cassiterite solubility in HCl solutions in the temperature range from 400° to 700°C at 1.5 kbar. Based on their experimental results, SnCl 2aq is a dominant species in high chloride solutions under reducing conditions. However the decrease in the Σm(Ca)/(Σm(Ca)+Σm(Sn)) ratio of the aqueous chloride solution with the increase of NaCl concentration in this study seems to suggest the formation of higher order chloride complexes of tin, but not those of calcium (Uchida et al., 1996) . The formation of higher order chloride complexes of tin results in the increase of Σm(Sn). Thus the Σm(Ca)/(Σm(Ca)+Σm(Sn)) ratio of the aqueous chloride solution decreases with the increase of NaCl concentration. Under supercritical hydrothermal solutions, divalent transition met- als are expected to exist as tetrahedral complexes instead of octahedral complexes Uchida et al., 1996) . Judging from the shape of the curve showing the variation of Σm(Ca)/ (Σm(Ca)+Σ m(Sn)) with Σm(Na)/ (Σm(Na)+2Σm(Ca)+2Σm(Sn)) ( Fig. 2 ; Uchida et al., 1995) , SnCl 3 -aq is considered to be a dominant higher order chloride complex of tin. Therefore, in the following analysis of the experimental results, we suppose that the following eight aqueous species exist in the hydrothermal solutions: Na 
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The dissociation constant of NaCl aq is taken from Quist and Marshall (1968) , and those for CaCl + aq and CaCl 2aq from Frantz and Marshall (1982) . Activity coefficients for the charged species were calculated using the Debye-Hückel equation and those for the neutral species were assumed to be unity (Anderson, 1998) . Equilibrium constant for Eq. (1) is constant at each temperature: (2) to (9) and (12). As a result, the stepwise formation constants (log K) for SnCl 3 -aq (Eq. (9)) were obtained as 0.5 at 500°C and 1 kbar, 1.4 at 600°C and 1 kbar, 2.0 at 700°C and 1 kbar, 2.6 at 800°C and 1 kbar, and 1.9 at 600°C and 0.5 kbar (Figs. 3  and 4) .
On the other hand, in the system PbS -ZnSPbCl 2 -ZnCl 2 -H 2 O, the decrease in the Σm(Pb)/ (Σm(Pb)+Σm(Zn)) ratio with the increase of NaCl concentration can be also ascribed to the formation of ZnCl 3 -aq (Uchida et al., 1998a) , but possibility of the formation of PbCl 3 -aq cannot be denied. Thus thermochemical analysis of the experimental data is needed to answer this question. The ion exchange reaction in the system PbS -ZnSPbCl 2 -ZnCl 2 -NaCl -H 2 O can be written using neutral species as follows: PbS + ZnCl 2aq = ZnS + PbCl 2aq .
Equilibrium constant for the reaction (13) can be expressed as
because PbS and ZnS are immiscible and activity coefficients for neutral species can be assumed to be unity. It is supposed for the consistency to the previous investigation (Uchida et al., 1998a ) that the following seven species exist in the hydrothermal Uchida et al. (1995 Uchida et al. ( , 1998a Uchida et al. ( , 1998b Sverjensky et al. (1997) . Fahlquist and Popp (1989) and Uchida et al. (1996) , those for ZnCl 3 -aq from Cygan et al. (1994) and Uchida et al. (1998a) , and those for CdCl 3 -aq from Uchida et al. (1998b) . 
For this experimental system, the following four mass-balance equations can be formulated:
The following three mass action equations can also be written:
K NaCl a Na a Cl (20)) was taken from Uchida et al. (1998a) . Solving the eight equations (2), (6), (14) and (17) to (21) were predicted by Sverjensky et al. (1997) as 0.74 at 500°C and 1.1 at 600°C under 1 kbar (Fig. 3 ).
In the above thermodynamic analysis, only trichloro complexes of the divalent metals were taken into account as higher order chloride complexes. The predominance of the SnCl 3 -aq and ZnCl 3 -aq was concluded by this study and by Uchida et al. (1998a) on the basis of the experimental curves showing the effect of NaCl on the ion exchange (e.g., Fig. 2 ). Recently Bassett et al. (2000) have shown the predominance of tetrachloro complexes of zinc, ZnCl 4 2-aq in supercritical chloride solutions based on the XAFS measurement. Sherman et al. (2000) also demonstrated the predominance of SnCl 4 2-aq under subcritical hydrothermal conditions using the EXAFS method. However, they did not report the relative abundances of tri-and tetra-chloro complexes. The quantitative comparison of their and our data, therefore, requires more detailed study with EXAFS. Although tri-chloro complexes were suggested to be dominant from the curve shape on Fig. 2 as well as Fig. 1 by Uchida et al. (1998a) , the curve fitting is not so precise that some important amount of Sn and Zn may be existed as the tetra-chloro complexes. Therefore, the quantitative comparison of the in-situ speciation by the EXAFS measurement and the speciation based on solubility and ion exchange experiments is necessary in the future.
Temperature and pressure dependence of the formation constant
The stepwise formation constants (log K) of PbCl 3 -aq and SnCl 3 -aq increase with increasing temperature (Fig. 3) . This tendency is the same as the stepwise formation constants of FeCl 3 -, MnCl 3 -, ZnCl 3 -and CdCl 3 - (Uchida et al., 1995 (Uchida et al., , 1998a (Uchida et al., , 1998b (Fig.  4) as the same as NiCl 3 -, CdCl 3 -and ZnCl 3 -.
Relationship between log K and ionic radius
Under the experimental conditions, Ni 2+ , Fe 2+ , Mn 2+ and Co 2+ form tetrahedral complexes (Susak and Crerar, 1985; Uchida et al., 1996) , and Zn 2+ may form a lower coordinated complex Uchida et al., 1996) . At present we have no data for the coordination number of the trichloro complexes of Cd 2+ , Sn 2+ and Pb
2+
, but probably tetrahedral or octahedral. Figure 5 depicts the relationship between the stepwise formation constants of tri-chloro complexes (log K) of various species at 600°C and 1 kbar and sixfold coordinated ionic radius. The data for ionic radius are taken from Shannon (1976) except for Sn 2+ . The ionic radius of Sn 2+ was estimated to be 111 pm from the ionic radius of Pb 2+ (118 pm) taking into account the difference (7 pm) in ionic radius between Cd 2+ (95 pm) and Hg 2+ (102 pm). The plots show a parabola-shaped curve with a maximum between Mn 2+ and Cd 2+ . Variation of the log K with the ionic radius may be explained by the combination of the decrease of attractive force between metal ions and chloride and the decrease of repulsion force among chlorine ions with the increase of ionic radius. Figure 5 seems to suggest that the best ionic radius for the formation of the tri-chloro complex exists between Mn 2+ and Cd 2+ . Uchida et al. (1995 Uchida et al. ( , 1996 Uchida et al. ( , 1998a Uchida et al. ( , 1998b . Ionic radii are taken from Shannon (1976) .
